The drying (or dewatering) of fresh feces and fecal sludge is a productive step in the management of sanitation, waste treatment, and resource recovery services. An improved understanding of fresh feces and fecal sludge drying would contribute to the development and deployment of fecal sludge management services. However, there is a lack of available literature on the fundamental drying characteristics of fresh feces. In response to this gap, this work shares experimental results for equilibrium moisture content of fresh feces at different water activity levels (aw) and proposes the use of the Guggenheim, Anderson, and de Boer (GAB) model for predicting aw, calculating the heat of sorption, and estimating the corresponding energy requirements for drying of fresh feces. This is the first time this work has been done with fresh feces. The total heat of evaporation was significant up to a moisture content of about 0.2 kg water per kg dry solids. In addition to informing drying process design, the sorption isotherm can be used to predict microbial activity, which could improve the management of feces and fecal sludge from a public health perspective. These data in turn will be used to promote access to dignified, safe, and sustainable sanitation.
Introduction
Effective sanitation, waste treatment and resource recovery systems are central when it comes to the protection of human health, prevention of environmental degradation, and reclamation of valuable resources. An estimated 61% of the global population, or 4.6 billion people, is without access to household-level sanitation and waste treatment in which excreta is contained and treated [1] . Excreta that is unsafely managed can leach into the environment, polluting surface water and groundwater. This has significant public health consequences: about 88% of all diarrheal deaths are attributed to inadequate water, sanitation, and hygiene (WaSH) systems and diarrheal disease caused over 71 million disability-adjusted life years (DALYs) lost in 2010 [2, 3] . This global sanitation crisis is "rooted in aspects of poverty, power, and inequality" [4] . Prioritizing universal access to effective sanitation systems is an issue of equity with far-reaching implications: the poorest households are least able to invest in their own sanitation systems and are the most vulnerable to adverse public health, and consequently socioeconomic, outcomes associated with ineffective sanitation systems [5] .
Drying is a complex, multi-equilibrium process, and numerous models with varying degrees of sophistication have been developed to simulate the process. Models are used to inform and optimize design and control of process conditions [6] [7] [8] . There has been initial research on fecal sludge drying, including calculating the energy requirements for dewatering pit latrine sludge to determine the overall energy balance associated with the production of solid fuel char briquettes from excreta [9] . Drying is a crucial step in any thermal treatment process. It has been estimated that more than 95% of the energy required to produce char from feces is used in drying feces [10] and 50% of the heat required from fuel could be sufficient for all pre-drying, drying, and pyrolysis steps [11] . Drying is driven by the difference between the thermodynamic activity of water as vapor in the atmosphere and water as moisture in the wet solid. However, there is no published literature for three key thermodynamic characteristics-moisture sorption isotherms (MSI), heat of sorption, and energy requirements for drying-or a widely-accepted model that estimates these parameters for fresh feces.
MSIs are a graphical representation showing the evolution of the moisture content within a specific material vs. water activity (aw) [12] . The parameter aw is equated to relative humidity when relative humidity is fixed within the atmosphere; it is defined as the ratio of a material's vapor pressure to distilled water vapor pressure under the same temperature and humidity conditions [13] . Water activity is a thermodynamic property used to describe the availability of water within a material. Sorption isotherms describe the change in a sample's moisture content in relation to the thermodynamic activity of the water at a fixed temperature [14] . The relationship between moisture content and aw is determined by chemical composition, or by the availability of polar sites for the binding of water molecules [13] . The moisture content and chemical composition of fresh feces varies with factors like vegetarian vs. non-vegetarian diet, fiber content of diet, age, and health conditions [15] . MSIs are used to calculate the isoteric heat of sorption for estimates of drying times and energy requirements.
An improved understanding of the thermodynamic properties of fresh feces drying has important ramifications. Water activity describes the degree to which moisture is bound within a solid and subsequently its availability to participate in physical, chemical, and microbiological reactions [16] . Understanding water activity and the thermodynamic properties of fresh feces and fecal sludge are important in the design and optimization of drying operations based on a rational understanding of the food-solid interactions [16] . Drying is an important treatment mechanism from both a public health and operational perspective. Most pathogenic bacteria are inactivated by moisture reduction to below a threshold water activity, aw, of 0.85 [12, 17] . Drying can therefore assist in pasteurizing and sanitizing fresh feces, which can minimize the public health risks associated with managing the waste collected in onsite sanitation systems and for other fecal sludge management processes. Additionally, drying of fresh feces can reduce costs related to transportation and storage by decreasing the mass and volume of the material [18] . Finally, drying is a critical step in resource recovery methods such as compost production [19] , fuel production [20] , and production of building materials [18] .
This work builds on exploratory research performed by Bourgault et al. [21] that justified the use of MSI to derive fundamental characteristics for fecal sludge. In addition to validating the approach explored by Bourgault et al. [21] , this work evaluates the moisture sorption isotherm of fresh feces at three different temperatures with the objective of calculating the isoteric heat of sorption, a value that can be used to predict the energy requirements of drying.
Materials and Methods
Fresh feces samples were prepared and initially characterized (pH, conductivity, chemical oxygen demand (COD), and moisture content). Equilibrium moisture content of the fresh feces samples were determined via a static gravimetric analysis, and MSIs were then modeled using nonlinear least squares regression analysis. The heat of sorption for fresh feces was then calculated using the best-fitting model (as defined by the given statistical criteria described below).
Sample Preparation and Initial Characterization
Fresh feces samples were provided by healthy consenting volunteers (n = 6). Ethical approval was obtained from the University of Victoria (UVic) Human Research Ethics Board (HREB) prior to recruiting volunteers and procuring samples (Protocol Number 18-187). Volunteers were recruited from UVic (Victoria, BC, Canada). Samples were procured and all initial characterization was completed within two hours of defecation.
Collected samples were gently homogenized, and an initial characterization of the pH, chemical oxygen demand (COD), conductivity, and initial moisture content of the sample was performed. For determination of pH and electrical conductivity of feces, 1:400 m/v suspension with deionized water was made. The typical approach to measuring the pH and conductivity of fresh feces is to measure a homogenized sample rather than a sample in suspension [22] [23] [24] [25] , but the 1:400 suspension method was followed for consistency with exploratory work performed by Bourgault et al. [21] .
pH and electricity conductivity were determined with an HQD portable meter and probe (HACH, Loveland, CO, USA) (sensitivity of ±0.02 pH units; ±1 μS/cm, respectively) by immersion of the probe in the suspension. The moisture content analysis was performed using the oven method at 105 °C after final equilibrium moisture content was reached [26] . COD analysis was measured spectrophometrically (sensitivity of ±14 mg per L) using the reactor digestion method as per manufacturer's instruction (HACH method 8000).
Equilibrium Moisture Content Determination
Equilibrium moisture contents of fresh feces were determined experimentally in the Public Health & Environmental Engineering (PH2E) Lab of UVic using the static gravimetric analysis proposed by Bourgault et al. [21] in the study of fecal sludge. This method has been validated as a technique to measure water distribution within waste activated sludge [8] .
Seven saturated salt solutions were prepared corresponding to a range of water activities from 0.06 to 0.97 [27] . Each solution of 100 mL was poured into separate glass jars (i.e., experimental chambers) fitted with a polyethylene foam support to hold the fresh feces sample ( Figure 1) . A capillary tube of thymol was also placed in each jar to inhibit microbial growth, as per previous work [14] . Triplicate samples of about 1.5 g of fresh feces were weighed in aluminum crucibles and placed on supports in each jar which were then tightly closed and hermetically sealed with vacuum grease. Samples were spread on the crucible such that each had approximately the same surface area. The isotherm analysis began within 3 h of defecation. The samples were then placed in Peltier Incubators (VWR, Mississauga, ON, Canada) at 15 °C, 25 °C, and 35 °C for equilibration. Each temperaturehumidity combination was analyzed in triplicate. Specific experiments were also replicated with different sample masses (1.0 g, 1.5 g, and 5.0 g) and different sample donors to determine if sample mass or source of fresh feces sample had a statistically significant impact (α = 0.05) on the equilibrium moisture content. Figure 1 . Each experimental chamber was prepared with 100 mL of saturated salt solution, a (blue) support (on which the sample was placed) and closed tightly with vacuum grease. A capillary tube of thymol was also placed in each jar to inhibit microbial growth. The required equilibration time was about 15 days based on the change in weight (dry basis) weighed at regular intervals (24 h) until the weighed mass varied by less than 2% for two consecutive weighings. The samples were weighed daily using a Sartorius QUINTIX analytical balance with an accuracy of 0.001 g. The dry mass content was determined by oven drying at 105 °C for 24 h. The equilibrium moisture content was calculated on dry basis from the equilibrium mass and dry mass content (Equation (1) below).
(1) x = equilibrium moisture content (g water/g dry) mf = final weight of sample at equilibrium mi = initial weight of same sample %H2O = wet basis % moisture content of the wet sample
The Analysis of Correlation Between Equilibrium Moisture Content with Initial Characterization Data and the Multiple Linear Regression Analysis of the Effect of Temperature, Humidity, Sample Mass, and Donor on the Equilibrium Moisture Content
To test the correlations between the initial moisture content and the other initial characterization data (COD, conductivity, and pH), a Pearson product-moment correlation coefficient was calculated (n = 7).
A multiple linear regression was applied to analyze the effect of temperature, humidity, sample mass, and donor on the equilibrium moisture content and to determine which variables were significant. This served as a preliminary evaluation as to whether the data could be used to model a MSI for fresh feces. MSI do vary by temperature and humidity, but significant variation between donors (or the other independent variable, sample mass) might indicate that the data was too variable to generate a single MSI for fresh feces. The predictor variable "donor" is categorical and was transformed into a set of n-1 separate binary variables (i.e., "dummy coding"). The remaining predictor variables are continuous. The multiple linear regression model (Equation (2)) consisted of:
where β0, β1, etc. are regression coefficients and temperature, humidity, sample mass, and donor are various factors that may impact the equilibrium moisture content. The p-values associated with the individual factors were used to determine whether the factors were significant. Both the Pearson coefficients and the multiple linear regression were computed in the R development core system [28] . Results were interpreted using a significance level α = 0.05.
Modelling of MSI
The experimental data was fitted to models by Equation (1), which estimated parameters for each temperature considered, and then Equation (2), which estimated parameters with the use of modified model versions that consider temperature dependence. The fit and prediction quality of the models were analyzed by the root mean squared error (RMSE) (Equation (3)), mean absolute percentage error (MAPE) (Equation (4)), and residual standard error (RSE) (Equation (5)); residuals are calculated as (or the difference between the observed value and the value predicted by the model) [29] .
The table below lists the mathematical isotherm models used in model fitting (Table 1) . Several mathematical models are used to describe the sorption isotherms of food materials. It is necessary to test several models because no one equation is accurate for all materials for the complete range of water activities, because the way water is distributed within a solid is influenced by different mechanisms in different water activity regions [16] . Models were selected based on their use in describing biological materials with a higher moisture content [8, 13, 21] . Different models are most effective in describing the sorption isotherm at different aw levels as shown in the table below [13, 30, 31] . Table 1 . Selected isotherm models for fitting experimental data. The monolayer water content (Xm) is assumed to be temperature independent and indicates the number of sorption sites available on the surface of the material. Different models are used to describe the moisture sorption isotherms (MSI) at different aw ranges (shown as "aw Range") and model fitting was done with a subset of the data associated with the referenced aw range.
No.
Reference Model aw Range Equation 
The parameters of the models were determined using non-linear least squares regression analysis in the R development core system [28] . To evaluate the ability of each model's fit to the experimental data, the RMSE, MAPE, and RSE were computed.
Determination of Heat of Sorption from the MSI
The heat of sorption was calculated based on the model with the best fit to the experimental data over the entire aw range (i.e., the lowest RMSE, lowest MAPE, and lowest RSE). Generally, a MAPE of less than 10% justifies the use of the model for describing experimental data; and low values of RMSE and RSE are expected for models that adequately describe the data [13] .
The heat of sorption was calculated following established methods [8, 13, 32] . Equation (6) is derived from the Clausius-Clapeyron equation where ΔH is the heat of sorption, R is the gas constant (8.3145 J/mol K), and T is the temperature in Kelvin [8] .
Using the best-fitting MSI model, aw can be estimated for a given moisture constant. The slope of the plot of ln(aw) vs. 1/T can then be used to calculate the heat of sorption. The mathematical relationship between the heat of sorption and the equilibrium moisture content was fitted in the R development core system using the nonlinear least squares method. Confidence bands for the relationship were generated using an error propagating function [33] . The fitted relationship was used to estimate energy requirements for drying.
Results and Discussion
For the given samples, the pH was 7.7 ± 0.3 (average ± standard deviation) and the conductivity was 86 ± 19 μS/cm (average ± standard deviation). Results from the initial COD and moisture content characterization analysis are summarized in Table 2 and compared with literature values. [21] . The values reported by Rose et al. [15] represent a literature survey of 47 samples. Variation in moisture content was attributed to differences in fiber intake: individuals with vegetarian diets will have a higher moisture content than those who consume less fiber and more protein. Similarly, COD was used to measure the bulk organic content of feces; this depends on dietary intake and its biological availability [15] . The narrower range measured in this analysis may have indicated that the samples in the study were limited with respect to geographical and dietary representation.
Initial moisture content was correlated with COD (Pearson's correlation coefficient = −0.92, p < 0.01) and conductivity (Pearson's correlation coefficient = −0.97, p < 0.01). Initial moisture content was poorly correlated with pH (Pearson's correlation coefficient = 0.23, p = 0.62). From a qualitative perspective, many samples were observed to have undigested food particles and there was variation in both odor and texture.
Both temperature and humidity had a significant impact on equilibrium moisture content at a significance level of α = 0.05 (Table 3 ). This was expected as equilibrium moisture content represents a solid's moisture content at the thermodynamic equilibrium given relative humidity and temperature conditions [14] . Neither the sample mass nor the donor had a significant impact on equilibrium moisture content at a significance level at α = 0.05 (but donor had a significant impact on equilibrium moisture content at a significance level at α = 0.10). This finding should be caveated with the note that analysis is based on a small sample size and could be validated in further research. Equilibrium moisture content of fresh feces at three temperature levels of 15, 25, and 35 °C in the range of 6%-97% relative humidity values are shown in Figure 2 . Most samples required 2-4 weeks to reach equilibrium. The isotherm curves demonstrated a roughly sigmoid shape and there is a general decrease in equilibrium moisture contents with increasing temperature. The range of values at higher relativity humidity values is greater because at a relative humidity of 100%, the sorption isotherm tended to a vertical asymptote, which caused an increased variance at higher relative humidity values. Equilibrium moisture content depends on the nature of the given solid in addition to the operating conditions. Sorption isotherms give an indication of the binding mechanism of moisture in sludge [34] . In general, it can be seen in Figure 2 that at a higher temperature, the equilibrium moisture content that corresponded to a given water activity is lower. Equilibrium moisture content has been considered as a parameter to characterize water distribution: whether it is chemically bound, internal water, or intracellular water [14] . The pattern of the sorption isotherm depends on the temperature and water-solid interactions [14, 17] . Table 4 shows the parameter estimates as well as the calculated error criterion (Equations (3)-(5)) for various models used to describe sorption isotherms. The Smith, GAB, and BET models provided the best fit to the experimental data for their respective aw ranges, but the GAB model provides the best fit to the experimental data on the entire aw range when considering all three error criteria and an expected increase in equilibrium moisture content with increased temperatures (Figure 3 ). The Smith model coefficients did not demonstrate the expected increase in equilibrium moisture content with decreasing temperature. The GAB model has been reported to give a good fit for over 75% of food isotherms: starchy foods, fruits, vegetables, and meat products [16] . Given that feces will be most like food in terms of molecular composition, it makes sense that the GAB model fits well. Comparison of predicted sorption isotherm curve for fresh feces using the BET, GAB, and Smith models with experimental equilibrium moisture contents. The dots represent the experimental average. The GAB model was fitted to the entire activity range and both the Smith and BET models were fitted to the activity range that they are used to describe ( Table 2 ).
The heat of sorption was calculated from the plot of ln(aw) vs. 1/T with the GAB model ( Figure  4 ). The total heat of evaporation was significant up to a moisture content of about 0.2 kg water per kg dry solids (at this moisture content, the curve becomes asymptotic (Figure 4) ). The heat of sorption is important when designing equipment for the drying and dewatering process [16] . As can be seen in Figure 4 , the heat of sorption decreases as the moisture content increases. This suggests that an increasing amount of energy is required as moisture content of fresh feces increases, and dryers should be designed to account for the differing degree to which water is bound to the solid and thus how much energy is required to remove it. More significantly, it may be of interest to design dryers for an intended final water activity that achieves a given treatment goal. For example, evaporation results in desiccation or dehydration that inactivates pathogen; although some yeast and eggs survive in drier conditions, many fecal-borne pathogens cannot survive at a water activity of less than 0.9 [18] .
Most pathogens are inactivated at aw lower than 0.85 [6] . For the given data and analysis performed in this experiment, an aw of 0.85 corresponds to a moisture content of 27% to 34% over temperatures of 15 °C, 25 °C, and 35 °C. Given an anticipated range of initial moisture contents of 63% to 86%, this translates to an estimated energy requirement of 0.05 to 0.4 kJ/mol (Table 5 ). Table 5 . Calculation of the energy requirements for drying fresh feces from an initial moisture content of 63% to 86% to the moisture content corresponding to aw of 0.85 at a temperature range of 15-35 °C. The relationship between aw and moisture content calculated using the GAB relationship and the relationship between moisture content and the heat of sorption calculated with the fitted relationship described in Figure 4 . However, this analysis of energy requirements is based on a limited set of data that has enough variability to be non-representative of fresh feces as a generalizable matrix. Further investigation of the aw characteristics of fecal sludge beyond first efforts [21] is still required to develop technologies and processes for fecal sludge management beyond the initial containment (and treatment) of fresh feces.
There are no data available regarding the energy requirements for drying fresh feces. There is some literature that discusses the energy requirements of dewatering sewage and pit latrine sludge as a pre-pyrolysis step in the production of biochar [35, 36] . However, these studies consider only the energy requirements of the dewatered sludge as the drying step is performed by a variety of technologies where energy requirements remain unmeasured [11] . These studies do acknowledge that pretreatment (i.e., drying) is a critical processing step as human feces as a high moisture content.
Since there are no readily available energy values available for comparison, the following is a comparison of the equilibrium moisture content of fresh feces measured in the study with that measured by Bourgault et al. [21] for fecal sludge and by Vaxelaire et al. [8] for waste activated sludge.
The values of equilibrium moisture content for the three matrices described in Figure 5 are on the same order of magnitude. Variation between the values can be attributed to a combination of temperature (the values for equilibrium moisture content for waste activated sludge were evaluated at 39 °C compared to 35 °C for fresh feces and fecal sludge) and chemical composition. Bourgault et al. [21] concluded from the data that water in fresh feces appears to be more easily extracted from a water activity of 1 to 0.75 (corresponding to a relative humidity of 100% to 75%). The water corresponding to this range of water activity may correspond to "free water." Free water is that moisture within the solid that exists with unhindered mobility [16] . In comparison, it appears that the bound water in fresh feces corresponds to a higher water activity range (greater than 85%). The variation in bound or unbound water is dependent on water-solid interactions and is an inherent thermodynamic property. Bourgault et al. [21] evaluated the use of three models and concluded that the use of the GAB model is most appropriate for representing the sorption isotherm of fecal sludge. The GAB model has been described as the most versatile sorption model and has a viable theoretical background based on principles of moisture's physical adsorption properties [16] . Vaxelaire et al. [8] concluded that the GAB equation enables good modeling at a given temperature but has poor fitting when modeling at varied temperatures; Vaxelaire et al. [8] instead justified the use of the Oswin model to describe the sorption isotherm of waste activated sludge based on selected statistical criteria. The Oswin model is an empirical model that is recommended for describing the isotherms of starchy foods [16] . However, this model did not perform as well for the experimental conditions studied here (Table 4 ).
General Discussion
There is significant literature available to describe the dewatering and moisture distribution characteristics of conventional activated sludge. The methods used in wastewater can be applied to fecal sludge and fresh feces moisture distribution characteristics. One method that has been identified in wastewater literature is the moisture sorption isotherm technique used in this study [14] . This study represents a significant advance towards producing the same key criteria for fresh feces that exists for waste activated sludge using a method identified in the wastewater sludge.
According to the multivariable linear regression model, both temperature and humidity have a significant impact on equilibrium moisture content at a significance level of α = 0.05 (Table 3) . Neither the sample mass nor the donor were statistically significant. However, a variability in chemical composition-and therefore the aw characteristics-would be expected in individual feces samples (and even for a single individual over time), and it is possible that the lack of significance in this case was due to the limited sample size.
In response to this, it may be possible to develop a universal MSI by analyzing the chemical composition of fresh feces' samples (or alternatively using COD measurements as a proxy for chemical composition). In other words, a MSI could be developed by understanding fresh feces as a composite of chemicals. Moreira et al. [37] developed a simple algorithm to predict the water sorption isotherm of fruits, vegetables, and legumes based upon chemical composition (i.e., protein, fiber, starch, glucose, fructose, sucrose, salt, and other). The advantage of a universal MSI for fresh feces would be to support the development of a sanitation system capable of achieving in situ pathogen inactivation objectives via drying.
The drying of fresh feces and fecal sludge is a productive step in the management of sanitation and waste treatment services. One focus of recent research in sanitation engineering in low-and middle-income countries is the development of low resource-use technologies (e.g., the development of on-site sanitation systems that function without water) [38] . A recent study by Eekert et al. [39] suggested that the anaerobic biodegradation of solids in pit latrines could be improved with the addition of freshwater. However, it has also contended that this practice could hinder aerobic biodegradation mechanisms in pit latrines [40] . Furthermore, in general, there is a growing recognition of declining freshwater availability at the global and local scales and, as such, waterborne sanitation systems are potentially advantageous in all contexts: low-, middle-, and high-income countries [41, 42] . Additionally, the advantages of drying in fecal sludge management include increased pathogen inactivation [43] and the reduction of costs related to transport and treatment of fecal sludge [18] . An improved understanding of fresh feces and fecal sludge drying contributes to the development and deployment of sanitation and waste treatment management services that are adaptive to shifting freshwater availability.
In general, fresh feces and fecal sludge are matrices that have not been well-characterized from the perspective of improved sanitation, waste treatment, and resource recovery technological development and service provision [15, 37, 44] . This work contributes to an improved characterization of fresh feces as well as an elaboration of an experimental technique that could be applied to fecal sludge. Future work includes comparing this data with fecal sludge from varied sources to compare the physical water distribution of fresh feces with fecal sludge, integrating characterization data (e.g., COD) or chemical composition into MSI models, and determining the relationship between aw and pathogen inactivation.
There is additional interest in investigating the applicability of this research to composting toilet designs (such as that discussed in Section 4). For example, this data could be used to investigate if composting toilet designs that operate by passive ventilation generate enough drying energy to achieve in situ pathogen inactivation objectives.
Conclusions
The objective of this work was to describe the MSI of fresh feces and the corresponding energy requirements for drying. This work produced the first set of desiccation data on fresh feces. This data is useful in the design of systems and processes that treat and manage feces by drying, but there is no information available in the literature. A static gravimetric analysis was used to derive experimental sorption isotherms at 15, 25, and 35 °C. The GAB equation best fitted the experimental data over the entire aw range and was used to derive the heat of sorption. The heat of sorption curve shows the heat of evaporation is significant up to a moisture content of about 0.2 kg water per kg dry solid. 
